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SECTION 1

PURPOSE

This program is inteaded to study the feasibility of high-dielectric-
consta- i materials as resonators in microwave filters, and to cbtizin de-
si3 . information for such filters. Resonator materials shall © : selected
tnai have 1oss tangents capzable of vielding unicaded (Q vaiues comparabis
to that of waveguide cavities. The materials shall have dielectric con-
stants of at Jzast 75 ip order that substantial size reductions can be
¢cteved cornpared to the dimensions of waveguide filters having the

same elecirical performane:
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SECTION I

ABSTRACT

The coupling -coefficient formula derived in the Second Quarteriy
Report is discussed. Its discrepancy from experiinental data for close
spacin,~ is attributed to the use of only the TEIO mode in the analysis.
The derivation is then extended to include all higher TE and T.4A modses
excited by tiue dielectiric resonators. The soiution is pariicularized for
dielectric disks spaced along the centerline of a rectangular waveguide
helow cutoff, with the axes of the disks parallel .c the transverse x cr~-
c+dinate. Counling-roefficient curves computed fronm the new multiple-
mode formula are rhown t¢ pauv.lc much better agreement with exper-

imental data than the previous single-mode curves.

Scurces of error are evaluated in the measurement t.cmignue -
for high-dielectric-constant samples. It is shown that the circenlar-
waveguide dielectrometer has a typical maximum error of 0.6 percent
and probable error of £0. 25 percent, while the radial-waveguide dielec-
trometer has typically £0.42 percent maximum error and *0. 17 percent

probakble error. An 0:uder-oi-snagritade linpicvernent in accuracy ap-

pears scasible, bui is not needed in this »- - ~Irn. Tae 1o’ ~l-~aoorvisda
dielectrometer has been used to obtain datc . . the new USAERDL coll

pressed T:0O, ceramic samples and on severs’ ~amples cut from 2
single tile Jf Eccoceram Hi-K90 ;naterial. Dmers . . oo o <
temperature was also measured for four diffcsent group~ I Ti0, ma-
terials. [he temperature coefficients rangsd from ~ox (¢ =155
ppm/oc. These values are higher than the ... minal value of —800 for

’l'iOZ ceramic.

The previous unloaded-(Q measurement technique was improvsd
iz severai minor d:tails, Data ¥2s teren < three groups of 'I‘iC)2 cer-

amuic dicks in propagating WR-284 wavegui? . Tne best values were




obiained with the USAERDL cold-pressed high-purity samples, with
Qu between 10, 0G0 and 12, 600 in the majority of pieces tested. One

of these pieces was then used to determine the effect of metal-wall
losses by repeating the Qu measurements in a series of "'cut-off*’
square waveguides having internal dimensicns ranging from 1. 25 by
1.25 inch & 2.430 by 0. 430 inch. In the latter casc, the 0.430-inch-
diameter disk was tangent to the top and bottom walls of the waveguide.
Despite the extremely close proximity, the unloaded Q was dimanished
only to 5250 in the presence of the silver-plated wallse., Resonant-

f e.oncy data varsus the dimension of the square waveguide are 2'zc

e

Frequency-response data are shown for ceveral two-rescnator
band-pass filters adjusted for maximally flat performance. The band-
width and center-frequency dissipation loss agree quite well witn gxo

viously obtained coupling-coefficient and unloaded-Q values.




SECTION IiI

CONFERENCES

On 20 May 1964, a conference was held to discuss third-quart:r
rrogress and plans for the fourth quarter. The location of the confer-
ence vas the International Hotel at Idlewild, L. 1., N. Y., where the
1964 PTGMTT Symposium was being held. The conierence % .s at-

. Mariani of

USAERDL, and Dr. S. B. Cohn of Rantec Corp. Draft material Jor

the Third Quarterly Report was reviewed and suggestions were made

w
]

el
T

tended by Meesrs. J. Agrics, N.

tor further items of investigation.
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SECTION H1

CONFERENCES

On 20 May 1964, a conference war held to discuss third-quarter
Frogress and plans for the fourth quarter. The .ocation of the confer-
ence was the International Hotel at Idlewild, L. 1., N. Y., where the
1964 PTGMTT Symposium was being held. The conference w.s at-
teded by Messrs. J. 4grios, M. Lipetz, and E. A. Marian: of
USAERDL, and Dr. S. B. Cohn of Rantec Corp. Draft material for
the Third Quarterly Report was reviewed and suggestions were ~mazlc

iv. further items of investigation.
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SECTION IV

FACTUAL DATA
1. Intrcduction

The First Quarterly Report discusses the nature of dielectric
resonators and describes how such resonators may .z used ia 1icro-
wave iiiters. The lniroducuon iv dhei tepori shcull Se consuiied for
background information, and for a discussion of problers to be solved

before dielectric resonators can be used in practice

In. the Second Quarterlvy Report, an analys:s was given of cou-

plirg between diclectric resonators spaced along the centerline vi
rectangular waveguide below cutoff. The resulting formula for coupii..
coeificient was found tc agrec with experimental data within about
+10 percent when the center-to-center spacings exceeded about three

rters of the large - of the twe waveguide cross-section dimensions.
“The deviation for smaller spacings was attributed to the use of only
the TEIO mode in the analysis. In the present report, the theory is
extended to all TE and TM mr~dac excited by the resonaters. The new
rmultimode formula is shown to yield thecrewucat curves agreeing very
well with the previous experimental points ~ve: when
are in contact with sach other. Based on it.5 excellent verification,
the new formula is concluded to have sufficient = = £ ardinare

design purposes.

Twa techniques were described in the Second Guarterly Report
for measurements on high dielectric-constant materials. Both tech-
niques utilize geometries such that minor airezps between the surfaces
of the cylindrical samples and adjacent metal walls have negligible
effect on measured dielectric-constart valu.s. In order to complete

the treatment of these new methods, computatiors of typical errors




have been made and are discussed in this report. Accuracies on the
order of one-hali percent are shown to he easily obtained. Measured

data on several groups of TiO, samples are given.

The method of unloaded-Q measurement presented in the First
Quarterly Report is suscepiibie to major error if the input signal hae
appreciabie frequency modulation. Becauce the signal source wa
mternally square-wave modulsted at 1000 cps, it was suspected that
incidental frequency modulation might have affected the accuracy of
the measured values. In order to eliminate this possible source of
. v=or, an isolator and diode modulator were placec befween iue signal
source and the input of the teg’ ==tun. This permitted the signal source
to be operated with CW output, ensuring absence of any significant 1..
quency deviation. Experimental results were found to agree quite welsl

ith the data included in the First Quarterly Report, thus showing that
frequency modulation had not appreciably affected the previous meas-
urements. Additicnal measurements were then made on sevesal groups
of samples zud on a single sample in a series of waveguides of varying
cross sections. The latter data reveals the effect of metal-wall prox-

imity caboth G and 1 .
¥y Ll-’ A4 'y u L84 o

In order to determine the validity of t% - ¢ upling coefficient and
Qu data, several two-resonator band-pass {iit:rs were made having
maximally {lat response. Reasonably good agrsz: « ¢ =0 ~hisined

between actual and predicted bandwidw ana A15s naicn ioss.
2. Coupling Between Dielectric Resonators - Higher Modes

1 .
In the Second Quarterly Re~ vt , a forrmula was derived for the
coupling coefficient between a pair of dielectric-disk resonators spaced
a2lo.g the centerline of a rectangular w~ »guilc Lelow cutoff (Figure

2-1}. Geed agreement was found between com»uted curves and




experimental data when the center-
/UAGNETIC OIPOLE AXiS . .
/ to-center spacing, e, is atleast

e / 3
I- | (’ three-fourths of the larger of the
i .
z { two waveguide dimensions, a and
Lt b. The discrepancy for closer
-—— 0 ! {-—— s
wrapwaLLE spacing was atiributed to the fact
Wyu 0, M,
that only the TE10 mods was used
Tigure 2-i. Coupled Dielectric in the anaiysis. Duriug the past
Resonators Inside 2 Rectangular quarter the treatment was ex-
Metal Tube

tended to include higher maodexs.

. =n:iderable improvement in accuracy for close spacing was achieved.

Equation 3-36 of the Second Quarterly Report gives the coupliing
coefficient, k, in generalized form for a pair of identical magnetic di-

pele resonators whose axes are either parallel or colinear:

e I-L- - H
Fo 1T 2

R (2-1)

ml

where H, is the permeability of free space, ity and W are the raag-

m]l
netic dmol° moment an. storea energy of the i1, st resonator, while W

R4
y
-~

is the mzgnetic ficld 2t the center of the sec ... r2sonator o.. i m,.

2 the Second Quarterly Report, HZ wae woemrided from m,
first de‘ermining the amplitude of the T&,, mods ~aecd by r. . ~ .

oy

then evaluating the magnetic-field amplitude of thiz wodz av 2 distanes
s, f m m;. The configuration is a5 shown in Figare - .. Because
the waveguide is used below its cut-off frequer.cy, tne field amplitude

~QS

is prozortional to e where a is the attenuation constant of the TE

.y 10
w2

mode. Tt-refore, k is also proportional o e *°, and the theoretical
coupling-coefficient curve is a straight line on a semi-log graph. The
ex.=rimental data showec this to be a wood approximation for & rela-

tively large, but not for . relatively smail. 'n improvement in the




latter case may be expectied from the addition of higher modes to the

»

coupling analysis.

Consider Figure 2-1. Equation 2-1 indicates that all modes
having Hx not zero at the center of the cross section wiil contribute

to the total fieid HZ' The significant modes are as follows:

TE T LV

~i0 i2 =12
TLEJzn TE,, TM.‘l7
TE50 TE52 iMSZ
etc. etc. etc.

Note that for both TE and TM , the admissible m and n valugs - -~
mn mn

m = odd integers and n = even integers.

In the Second Quarterly Repori, the waveguide-mode notaticn

. 2 .
of Collin~ was introduced. 2

aaSall =

X

32N of

3
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o
¥
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the Second Quarterly Report are needed. The MKS system of units are
used throughout the analysis.

4, = H at === (7221
? x .
H'= da h e *° (2-3)
X mn Xmn
m,n
L)}-o

= —i -4)
Zmn ) hxrnn my (2 -4)

where m, is the moment of the magnetic dipol~ located a2t z = 0 and
dirzcted along the x-axis. The mode field fun-tions e n and hm_,\ are

H

normalized according to the following power-fle= relationship:

~ildda
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e

where the integration is performed over the wavcguide cross-sectional

area. The attenuation constant %n is given by

A
2l
(o4 S L /1 -~ (_S_rn_up_)l nepers per meter (2-6)
mn AV A -

and th~ cut-off wavelength A is as follows for rectangular waveguide.
g cmn g g

(2-7)

Hauations 2-2 through 2-7 apply to both TE and TM medes, and the

summation in Equation 2.3 15 cirried mt over TE and TM modes of

all admissible orders m and n.

When Eqs. 2-2, 2-3, and 2-4 are combined, ‘he foli.7ing

formula for H2 is obtained.

. m _ s
H. = Jub,my S‘h Zec‘mn (2-8)
2 2 -~ xmn
m,n
The normalized field -omponent, hx--nn’ wiil now be computed. Eaua-
L

tion 2-5 can be rewritten with the aid of the re*ation e X h ¢ dS =

2h%ds= 2z (h % +h %) ds:
t b4 v

<

2

N
1

Z

mn

;
G
| SENESREY)
'
A

” hxmnz as + “ h_

S S

o em———

where h and h are the transverse components of It , and the
X ymn ~mn

ida

characteristic wa re impedance Z'mn is as foilows:




N\

s ~ - iZﬂ'n — Y,
z'mn —% = h for TE modes (2-10)
mn
(v} \n
Mqh _ “mn . _
Zmn "'X: Sy - for TM modes {2-11)
The free-rnace wave impedance, 7, is equal to ,/-‘,Lc,"sc = 377 obms in alr.

- s o 3
The hx and hv field components are

o7} ._mrux nry
b = = A in cos 2-12
xmn o & Cmn ° a b ( )
y TE __ modec
n =2 A cosPIE qip Y (2-13)
ymn 0  mn a b
P
and
1
- P nwv
h = i1 B s. :Lu‘; Ds.-.. :2-;4\,
wmn - b “mn 573 € b {
m — o > Tan modes
h =——B cos BTX oin ITY {2-15)
ymn a “mn a 1) :

where Amn and an are constants to be evaluated through application

of Eq. 2-9. The coordinate system is as shown in Figure 2-2. When

NN
l -
T / Figure 2-2. Co-rainate System
i y for Rectangular W vognile
X _\"Z

Egs. 2-32 to 2-15 are substituted in Eq. 2-9, the fcilow', integlaus

must be evaluated:

-10-




P LT

o

TNRRB ka4 g

and

o -
QD = m

2

sin2 (m:x) 2 (9-%-2) dx dy = J sin”
0
ab . . '
= 2—-— ormei, nai
"i}-)- form=21, n=0
:osz (mwx) sinZ (—-l—ngv) dx dy = [ cos
0

ah

= formzael, o=}

T

Equations 2-9, 2-10, 2-12, 2-13, 2-16, and 2-17 yield the

0 form =21, n=0

following for TE mcdes, m 2 I:
m0

m N
mAmoz 2 Cmot,
a ! '35 Jqu
2_%mo* . 2 (X
xm0 ~ jabwn o0 a

(

21 a_ &
) 1A %=t oy
}ma ab’ ‘jewn
..‘.(m/a)z amn)‘

,antn

-11-

a

mux
)

dx

s

Q Sy Y

n

L MY, L

b

EEREY ]

(&-16)

ITo1an




Similarly, Eqs. 2-9, 2-11, 2-14, 2-15, 2-1%, and 2-17, give
the following for TM modes, m,n 2 1:
mn

m, +(“\2 B 2.t dm (222
o 5 me - B \_:‘T‘i ') -22)
8 Il
o L2 / \
Tt Zin/n} idniab \ . 2 mmx, - 2 awy ,
hxnm —\(m/az /) /\c. mn'sm (—gcos ) 12-23)

Note that for Tan modes, neither ra nor n can be zero in the

rectangular-waveguide case.

Exara nztion of Egs. 2-19, 2-21. and 2-23 shows that at the
center of the cross section hxrnnd = 0 if either m - even integer or
n = odd integer. Thus only modes ior which m = odd intege. and
n = even integer will contributie ic the coupling when ths x-dirscted
magnetic dipoles are placed along the central longitadinal axis oi

-3 4 PRI
e waveguaale.

When Eqs. 2-:9, 2-21, and 2-23 are substituted in Eq. 2-8,

we obtain
~ -—(_‘i‘“ t <
m. | fai” e
2 ab l “mo D, s il
m oo i 2)” 4 {nfb)
2 2 “mn i
8w z (n/b)” e s 2
- ) r 7 ] ! -l Ty
A\ H{m/a)" + :n/bl“j i
m.n L\ /al LY H nn -
where the summations are performed ferm = 1, 3, 5, ... and
n=2 4,6, ... Use was made of the iden*ity wi » = 2wn. The three
terrns in the brackets are due te the TEW o TE __, and TM___ modeas,

Tao = 4z

respectively. A simplification may be made by cbserving that Eqgs.
2-6 2nd 2-7 lzad to

.

[

n
1




2
2
@ O (?{1)2 @ - :v{sifl“sz : d}f] 0 (2-25)
2 ma ’ P Cnn i © “ 1 “mn
thus,
~ . 2 . i |
my UM “me _ nn”y
Hy=—=p5 | 2 %o te z T (2-26)
m m,n miTs j

wherem =1, 3, 5. ... andrn =2, 4, 6, ...

A further simplification gives the foliowing compact result.

z -
m (o4 —Q s
by -T2 S o
& abd i-g_, u.mn J
m,

5

this particuler case, the double summation is carrisd nut o
=13,5%5 ..., v, andn=—®, ..., b, 4, -2, 0, 2, 4, 6, ..., =

However, Eg. 2-26 in terms of positive integers is mcre convewnene

m
for computation.
The coupling coefficient between a pair of identical x-directed

magnetic dipoles on the cen‘ral longitudina!l axis of 2 rectangular veve-

guide below cutoft 1s obtained from Rac¢. 2.1 arvd 2-26.

/ 2\ f 2 ;
T 1. emem . - - = —_
1 Fe™ ” < “Cmo® . N %mo “mn® (2-28)
T ab 2Wm1 2, Smo © YL e e —e%)
/ L m : o §

The factor Homy /?.Wml depends only on the € mensions D and L, wie-

lectiric congtant, ;‘r’ and resonant wavelen

ath, X o

- o}
resonator. In the Second Quarterly Report, ¥ .. 3-52, this factor was

W

evaluated to be

2 4
B ) 0.827D Ler
X 2
o

, 0.25 s L'D s0.7 (2-29)

-13.




Aney

Equation 2-29 was simplified from & more complicated expression
given in Eq. 3-51 of the Second Quarterly Report. In the range
0.28 £ L./D s 0.7 the two formuia, agree within £2%. A Jdielectric
resonater of practical proportions will generally lie in this range.
Thus,

n 9275°%Le =0 __ S - a_Z -a s}
r m0” < mo mn-§
k = ——— E %0 ¢ + 2 t -3 e i 2-30)
abA A~ “mn ‘
o L Th,n 3

where

m=1,
’

=}

If L/D izile cutaide of the range

v Report may be applied 2s a correction

- - i P
ure 3-5 of ike Secund Quarterl

factor to Eq. 2-30.

An interesting prcperty of Eq. 2-24 is that the third summation
terrn, arising from the Tan modes, is opposite in sign to the TEmO
and TEmn terms. Tho 2vnlanation far this difference in sign is as
ioliows. An x-directed magnetic dipole in frec suacs paulrees an

electric field having only v and 2z components. ihus E_ 1s everywhcre

P

z€iv. An x-directed magnetic dipole in a rac*argular waveguide is

equivalent to a two-dimensional infinite array .: x-4 ~ected divoles in

[T - % 3 . A - oo~ Al mem e
AU BGLL e fcav, m | 0@ Ll e . aaT DML

iree space. 3ince ©o_ -
2 - -

~

v
position of fields of all the dipoles im the array. HMence, ~nov ¥ o4
E components sxist in the waveguide and E_ is aver rwhere zero. The
field produced bv each individual TEmr and Tan mode (m and o = 1)
contains finite E_ components. However, when the TE and TM

x mn mn
raode fields have the relative amplitudes Arnn and er determined
a 4
- @

{rom Eqs. 2-20 and 2-22, the Ex compor.ents 37 these modes are equal

in amplitude and opposite in sign for sach set of integers m and n 2 1.

14




Consequentiy, the above solution conform.s to the necessary condition

that Ex = 0 at all poinis in the waveguide.

When only the m = 1 term of the first summation is used and the
gecond sumunation is omitted entirely, the single-mode formula in the

Secornd Quarterly Report is obtained as foliows:

4 -0t
0.9270 Le_a,n®
k= ~ 2.\' (2‘31)
abko
Tt 13, the correction factor
| -
3 <, 038 s %ae T%anS (2..32
K = 1 _{z%ne ad +2 mC e TR ! 32)
RCTI 0 Cnn {
9i0® !m ra,n J
L

m=1, 3,

5,
n =2, 4, 6, ...

converts the singls m-de formula Egq. 2-31 intc the multi-mode for-
mula Eq. 2-30. The factor, ¥, may bhe uscd to correct the computed
curves in the Second Onarterlr Revort for the eflects of higher iaudes.

‘This has been done, 2nd the resuliis are driwi 108G VELIOW.

Applicarion of Correction Factor to Vr-vious Data

Quarteriy N .. L, Yaue 5. goeadt slaes we,

used in obtaining experimental coupling data. he sizes o~

2 =b=0.750in., a =b =0.%9%% in., 2nd a = . 615 in., D = 1.374 in.
I, rach waveguide, two different sizes ol dielectric disks were used.
However, Eq. 2-32 is a function only of fo of the disk, and not of the
athel disk parameters. Since f ic approximate.y the same {or both

o
digks, and i is quite insensitive to chaages i« fo’ the fo vaiues for

- 1ha




the D = 0.393 in. and L = 0. 160 in. disk will be used, but the resulting

K factor will be used for the other disk as well,

For the square waveguides,

calculations shovr that significant

contributions to the coupling coei-

ficient are made only by the modes

o 02 04 08 08 10 with subscripts mn = 10, 3G, 50,
ITINLOCY

Figure 2-3. Factor K, Ratio
of Multiple-mMode  Coupling- gv
~.~fficient Formula to Single-
svisae Formula

correction factor K versus s appears in Figure 2-3 “or the three dif-

ferent waveguides.

Figure 2-4 shows the six sets of coupling data from the Sc.oni
Quarterly Report. The solid curves are theoretical for single-mode
coupling, while the dotted curves include the higher-mode contribution,
as given by Eqs. 2-30 and 2-32. A substantial improvement in accu-
racy is evident when the higher-mode terms are added to the single-

mode formula,

3. Dielcciric-Constant Measurements
a. Measurement Error with the Cirenl i vaveguies
Dielectrometer

The circular waveguide dielec*~ meter was described
in the Second Quarterly Report. ! The device was shown to offer good
precision in determining the lielectric constant of materials. An
especially important feature of this technique is that it is unascted

oy su:all 2lr paps between the sample »nlcr *»st and the adjacent

-16-
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-17-




LA e g

LUk e

IERTET

metal wall. As a result, the technique is particularly useful in meas-
urements on high dielectric-constant materials, where smail air gaps
are ordinarily a majior source o1 error. The dielectric constant is
calculable from the TEOl-mode resonance of a right-circular cylinder
of the material closely fitted in a below-cutoff metal tube. As indi-
cated in the discussion in the Second Quarterly Report, the computation
of dieleciric constant, €. requires knowledge of the resonant fr=-
guzney, the inside diameter of the tube, and the length of the saupie,
The resonant freguency can easily be mezasured to

percent and linear dimensions of the sample to £0. 0003 inch. Az

P - oy - e
v

a typical example, a sampie was assumed wiih a dicicciric consten
90. 000, a diameter of 0.36000 in., and a ieagth of 7. 11800 in. The
calculated resonant wavelewngil: of this semple in z2n ideal circular
waveguide dielectrometer is 2.2598 in. When the wavelength, diam-
eter, and height are deliberately offset by —0. 1 percent, +0.0uvol in.
and +0,. 0005 in., respectively, the dielectric constant is calculated
to be €. = 89.43, which is 0.6 percent low. Note that the errors in
the three input quantities were taken with a "worst case'' combination
oi algebraic <signs to give the maximum error in cr. With more pre-
cise instruments, the frequeiicy and dimencinne can be determ:ned

with an order-of-magnitude improvement, s. ..2i an accur«=: - _ %

-
X

of better than 0, 06 percent appears feasible.

The range of dielectr’c constanis 2.« scubit o' aoe
being measured in this program generally contorm to the 3, pothericas
case considered above. Thus, in the measurementc 2+ .., with iue
circular-waveguide dielectrometer, the maxii.ium error in the deter-
mination cf €. is less than =0. 6 percent, and the probable error is

about x0. 25 percent.




voae o

b. Measurement Error with the Radial-Waveguide
Dielectrometer

€
facond Quarteriy R
rr.aimum -possible error. The sample employed in the aralysis was

s 1
QIS iard
SqQ=VarnhL,

arz nominai - i/4-in. in diameter by 1;iU-in. long, with ¢_ = 86.5.

A numerical error compu*aticn v s performed assuming
e same wavelength and dimension errors as apove. The maximum
possipie eiror in €. was fo :»¢ to be 0. 42 percent while the probable
error would be about £0. 17 percent. Again, order of magnit.de :m-
provernents o. accuracy in frequency and dimensions, and hence in

er, are feasible.

c. Anomalous Behavior of Sample A2

It has been found that compressed polycrystalline 'l‘iO2
ceramics from a give »atcy - - 'uce an €_ versus density curve that
is well behaved (srmocit and mot otonic). S.rurle A, of the o=~nn nf
samples tested and reported in th appsaded

iv violat: this concaept. Numerous remeas.:ements of this sample

reinforces the . :2ported resultf that its data p~iz R it T
in upposite direcuons for the two fucaoas of weasurement. The (2
measursments included such retinements as use of a 2%, =wv ~3aut

to give better thar 0. 001 percent accuracy in the measurement of

resonant fre¢ency.

The only reasonabie explanation found for the anomaly

depends orn the assumption that a ma: : -d ir;o.nogeneity exists in the




density of the rnaterial within the sample. Note that the electric fieid
is zero on the cylindrical walls of the test sample when it is tested in
the circular-waveguide dielectrometer. In the radial-waveguide die-
lectrometer, the electric field is zero on the parallel faces of the
sampie. In both cases the resonant mode is designated TEOI’ but the
s in boundary conditions are such that the inhomogeneities
within the sample can have markedly different effects on the resz< .ant

freguency for tne two fieid distribuitoas of interest.

Support for the idea of izthomogeneities within a small
.oiunie comes from test results on a specimen of Fccoceram MY WOl
(TiOZ) to be reported below. A further test of the inhomogeneity
theory will be the careful measurement of the unloaded Q of samjic
A2 as compared to the Q of a similarly size’ :zample wnose inciCatca
€. fits the €r—versus-density curve., Marked inhomogeneities would
be exyected to lower the unloaded Q since asymmetric inhomogeneities

shoulo cause energy transfer from the TE,, mod

d. The Dielectric Constant of Cold Pressed Polycrystalline
TiOZ Pellets from USAERDL

The hot-pressed peilet of firew _clycrystailin. .,
identified as S1 was reported to have a diele<:. .~ constant of 97.6 -
98.7 in the decond Quarterly Report. New ca~ lcs of high-purity
1lins Tigz have heen vreccived rom USA Liwias.  sarse
sampies are marked '"'cold pressed, ' and varicus press prossures
are incicated. In general, these samples displayed lowe: dielecicic
constants than the earlier samples. The relat.on between dielectric
constant and density is evident though no assurance was given that all
pellets were formed irom the same batclk. The dielectric constants
were determined with the aid of the racial waveguide dielectrometer,
The results are given in Figure 3-1i. Ihe density and stated pressing

pressures used in the fabrication of the pel! : tracked in a geperal way.
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ssl. Figure 3-1. Density Vs. Die-
o4 = 85 67 e e9 80  Jectric Constant for US ERDL
RELATIVE DIELECTRIC CONSTANT - ¢, e .
(FORMING F:ESSURES IN BRACKETS) Cold Preesed TiO, C,‘inders
e. The Dielectric Coustant of Eccoceram Hi_-KO0

The firm of Emarsen and Cumidng, Inc. producas aid
markets a inaterial knewn as I "cceram Hi K. Thre material

to be polycrystalline TiO,, but the company's Technical Bulletin
9-2-5 does not identify the composition. Dissipation factor is given
28 less than 0.00). The material is available in 12 values .. 2o The
Bulletin statement that the material is '"usable continuously over the
temperature range ~70°F to +1500°F" fcllowed by a listing of dielec-
tric constants implies that €, was stabilized against temperature.
Inquiries failed te produce information cn the temperature coefficient

associated with er.

A single tile, 2-1,/2" by 2-1 °" by 3/8", of Eccecerzam.

Hi-K90 was obtained for tests. Pellets of 4,244 in<h diameter by
0. 1180 length were ground from vaIious lOCETIOT . . g amerw -.l.
The density of the pellets was found to difier Dy as mucl .. 2 percent
There is no reason to believe that the two-perceat fice . would not b

L.}

excecgded i

LY

more pellets were made from ue remaimng portions of
the tile. This inhomogeneity within one tile further suggests that the
explanation given above for the anomaly obsesved in Sample A2 has

merit.
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One sample, with a density of 63 81 grams/cubic inch.
was measured to have g dielectric constant of 91.75. The dielectric

constants of the othi2r samples were not measured at this time.

i, Temperature and Dielectric Constant

in Figure 3-2. None of thc materials tested show evidence of temper-
ature-compensating ingredients.

Because of the high sensitivity of

58 T S i § dielectric constant to temperature,
—~ | i |
or }1*<"“\' - — ) it
g ! : “}\’»55&,%%1 it would be generally impracli=?
. } p— /..‘ e e s - - ~ew
o t ' to construct narrow-uwand filters
5 . _—.‘
%:f \~~_n=;:‘\sw e for field use out of any of thege
%0 OCERAN i, .
foo i : T35 pom .7 materials.
Qo +
7 e f +
z ], USAg [ 1
: R = *mLMww% 7]
CaH o ) . . .
o P e A!L&mc,gmi?\;; ——] Figure 3-2. Dielectric Constant
Spm, -
p 1T 1 7y T Vs. Temperature {Temperature
7% 86 96 05 I3 125 8 46 136 €6 % e . .
TEMPERATURE ~°F Coefficient in Brackets)

4. Unicaded-Q ana Ceater-Frequency M- r_-einenis
a. Unloaded Q of TiC, Samples

During the third quarter, a serie. 0f measu. oizats
were made on the unloaded Qu’ of v 102 S@ifawie .. Ih:.e
samples, which were in the form of cylindricai disks approximately
0. 4 inch diameter by 0.2 inch long, were placcd at the center of a
WR-284 waveguide cross section. As indicated vv previous data
shown in Teble 3-3 of the First Quarterly Report‘}, the metal wall

losses in this case would be expected t. rave ..egligible effect on Qu'

22-




The methcd of Qu measurement utilized in these tests
ie essentially as described in the First Quarterly Report. The reso-
rnant dizk produces a band-rejection response in the operating range of
the WR-284 waveguide. By means of a reflectometer setup the rejec-
tion bandwidth is determined from refiection-coefficient data. An addi-
tional parameter measured is the peak insertion loss of the rejection
respone... The First Quarterly Report explains how Qu is com - .ted
irom bandwidth. center frequencv. and peak insertion loss.

Several refinements in technique were introduced in the
- ~inal equipment shown in the First Quarterly Report. One retira-
ment was the use of an external square-wave diode modulator instead

of the internal 1000-cps modutation of the generator. A ferrite :~~latox

.

wasg connected between the geaerater and the dicde medilater. This
system modification permitted CW operation of the generator, thus
eliminating the possibility of frequency modulation as & source o1
error. A second refinement was the use of a transfer osciliator and
counter for precise measurement of frequency. Measurements were
repeated on several of the same TiO2 samples tested during the first
quarter. The agreement with the earlier data was very good, indica-
ting that frequency modulation #nd lio3u: 27 ~soer he2d ro+ had & soze-
ous effect. Hov -ver, the use of the isolatea tiiwcrnal modaicor and
of the transfer cscillator and counter has beet -ctained because of the

greater interent reliability and precisicn ti.oy .sevd.

Unloaded Q measurements were malo on threa gets of
I‘iOZ sorpies: (1) hot-pressed samples supplied by the WSAEROL
cerarnics laboratory during the first quarter «f this program,; (2) cold-
pressed samples suppiied by the same source during th second
quarter; and (3) Eccoceram Hi-K9C material pur “hesed from Emerson
and Cuming, Inc. The resulting Qh va'ues ara shown in Tabie 4-1 with

dimensions, center {requencies, and mieasersd dielectvic ceonstants.

-23-




TABLE 4-1
UNLOADED Q OF VARIOUS TiO, CERAMIC DISKS

Identification D L iy c o)
Matorial of Sample | {inch)} | (inch} ! (Mc) ¥ u
I
USAERDL No. 1 0.393 { 0.750 | 2980 {98 7300
Hot-Pre wed | g o 0.393 | 0.250 | 2961 {98 | 853:
No. 2 8.3%3 , 0. 1560 | 3321158 7150
No. 4 0.393 | 0.160 | 3317 |98 6390
USAERDL 1500 psi 0.430 | 0.220 | 3051 |85.6 | 12,000
--Pressed | 5000 pei ¢.420 1 0,220 1 3020187.1 1 11,650
2500 psi ~.®an | 0.240 | 2507 {87.2 | 11,700
3000 psi 0.400 | 0.200 | 3289 187.6 | 7,350
3750 psi 0.540 | 0.240 | 2503 {88.2 | 10, 500
"refired" 0.446 | 0.244 | 2675| - LT
Dccoceram No. 1 G.430 § 0.220 290—41-92 7,163
Hi-K90 No. 2 0.430 | 0.220 | 2922 |1 6,418
b. Q“1 Versus Waveguide Dimensions

Figure 4-1 shows the effect vi v -~ cguide-wall L.u umity
on the unloaded Q of a dielectric resonator. 'iir resonator used in thsg
experiment 15 the previously tested USAERDIL. ¢~ ,-prczsed 2000 psi
sample. As shown in Table 4-1, th= Q“ value in Wi ~.5e waver tine
11, 650. The plotted points in Figure 4-1 are for thi~ »esc avor in
square waveguides ranging frea: 0,430 by 0.43%to 1.25 &y 1.25 inch
ID. The resonator was supported at the center of each waveguide cross
section by polyfoam, with the axis of the disk in the transverse x di-
rection, Because the square waveguides sre nonrropagating at the
resonant frequency of the disk, the configuration was measured as a

single-resonator band-pass filter. Coupling loops o. closely fitted
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12000 sliding blocks were used 10 ob-

1 ) T T | H
“URVE FOR___ | o i . sy s .
ALCVIRUM 1 | tain coaxial input and output con-
10000 - -
3 E { T nections. The loops were adjusted
Bovo 7 ' * i -freq inser-
. /o » SRVER PLATcO to give a center-irequency e
oo y © "G BRASS(HIGH COPPER) tion lnss of at least 3 db. Sym-
b ¢ 79-30BRASS ‘
/ f ALURINUM metry of coupling was ensured by
40Co- Ti0, RESONATOR{C™N.D PRESSED, .
. ? 200053 sctting the loops such that the
i 020430" i "
23001 —"g Lr0220° —l—; 1!‘-——— VSWR at the two ports w: 2 the
i ot v i
o | ! ] i . ] ] samée. The following resation-
o oS 10 15 20 .
ond bLaches ship then holds between loaded
’
Wigure 4-1. {Q, of Dielectric 2, Q,, unloaded Q, Q , and
s«Lsonator Vs. Dimension of center-frequency inses v 1088,
Square Waveguide L 5
N
Qu
LG = 2010g1f\ (m—) db (4-1)
AV we oy
u At
or
QL
Q= Y5720 (4-2)
1-107"°

The loaded Q, Qp of the single-resnnatnr filter is related to hand-
A -t
width by~

QL= fG/(EW)3db (4-3)

Q. =, /3f /iy | \reter
MWL R0 .

oadb

= / \
Qp =3 £,/(BW) 4ap

where (BW)3db, (BW)"‘b' and (BW)IOdb a2re bandwidths determined at
levels of L+ 3 db, L, 6 db, and L, + 10 db, zespectively. These
three bandwidths were measurcd in all cases, and were found to yield

sets of Q, wvalues within about 2 perce: 5f wich other. The average
—




o. the Q values computed from Egs. 4-32, 4-4, and 4-5 was used in
Eq. 4-2 to obtain Q .
u

The plotted points in Figure 4-1 are for a number of
diffe. ent tzbing materials. After the three brass tubes were tested,
they were zilver plated, thus yieiding additional points. The curve in
Figure %1 applies tc aluminum; for cross sections smaller than © 75
by V.75 inch the curve is iunle:poulated betwecen the peinte for eilver.

plated and 70-30-brass surfaces.

The Q  curve in Figure 4-1 is seen *o be congistont
with an ~ayuiptocic value of 11 650 for an 'isolated' resonater, as
previously maasured in 2.84 by 1.34 inch ID waveguide. Althoug;

Qu has dropped to 5250 in silver-plated 0.430 by 0.430 ek tubing,
this is nevertheless a highly respectable value. For example, a strip-
line or coaxial reszunator occupying the same volume would have a Qu

-

value of abour :240.

The 0.430 by 0.430 inch tubing size is especially inter-
esting, since the (.435~i-ch di~~=arar disk is tangent to the top and
bottom walls., In this caze, a convenient stzuCrira: techuaigie would
be tc fasten the disk in place by means of smail =mounts c¢f epoxy cs
ment at the points of tangency. Another piecc 11 trass wking was
constructed to explore further this possibilit;. ¥: %eileh was main-
tained at 0.430 inch te retain the itawgeuwy i€atii™z, while the wadll. »as
rnade 0.860 icch. The unlcaded Q in this 70-3C-biass tmbin

reasured to oe 5100, After silver plating, Q. increaseq to 6760,

AT

Y

These values are considerable improvements over the 0.439-inch-

square case.




c. fo Versus Waveguide Dimensions

The effect of waveguide-wall proximity on resonant fre-
quency of the USAERDL 2000 psi cold-pressed sample is shown in

Figure 4-2. The measured points

35 i are for the same series of square
; . } tubings as in the Qu measurements
344—- - - i - -1 5t
1 Tio, RESOHATOR of Figure 4-1. Table 4-1 stows
LoLL Fi B 7O .
\ 020 430" " the resonant frequency of th: disk
33 L»0220" ) .
o €871 to be 3029 Mc in 2.84 by 1.34 inch
- \ waveguide. This asymptctic value
: \\ ic consistent with the curvez in
3 \\\ UV SR Figure 4-2.
3 05 1o i5 In the case of the 0.430 by
¢ ond b, inches . .
0. 860 inch tubing, the r-sonant
Figure 4-2. fqofDielectric Res- irequency was measured to be
onzter Vs. Dimension of Square 5234 M
Waveguide 3 ViC-
d. Theoreticai Analysis of f0 and Q
An 3ppro imate theoretical anat-gic of the «ffzs¢ ~f
metal«wall proximity on fo and Qu was carr - put during the iatter

part of the third quarter. Initiai results of :he theoxv indicate good

- L -~ .

confirmation of the fo data in Figure 4-2, and faa. L

1

Qu data in Figure 4-1. The theory will be fur-her evalusted, anu l.-

. cluded in the next report.
.- Experiments with Two-Resorator Band-Pass Filters

In the Second Quarterly Report, ! coupling data were given for

Von s meaman s Y1

two different pairs of resonators in thr e ¢i:terent sizes of waveguides

27~
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below cutoff. The graphs of exper.mental points are repeated in the
pregent report as Figure 2-4, whesc they may be compared with theo-
retical curves. As an experirnent .o check the correlation of the data
vith actual filter performance, the end loops were movad closer to the
coupled-resonutor pairs in arder to produce maximally flat reswonse
curves. The results tor two cases are shown in Figures 5-1 and 5-2.

The pertin.cnt dimensicas are indicated in the figures.
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Figure 5-1. Maximall Figure 5-2. Maximall
g
Flat Dielectric-Resonator I'lat Dielectric-Resonator
Filter, a = b = 0. 750" Filter, a = b = 0.9285"
? 2

Tne 3-db bandwidth of a two~resoniiv: -ximelly flet I.00x 8

related to the ccupling ¢« ificient kl?. by6

(BW)3gp = V2E, Ky e
or,
(BW)3 4
Ky, = 0.707 22 (5-2)

From the experimental data in Figure £-1. the coupling ceefficient

was computed and compared with the previously measured value from
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Figure 2-4d. Thus, in Figure 5-1, (BW)3db = 7.69 Mc, fo = 3040 Mc,

and hence,

o 2079 X769 o o0a0

12
This is very close to the value shown in Figure 2-4d, where at
s = 1.266 inch, klZ = 0. 0017 from the measured points and k,, =

0.0215° Zrom the theoretical curve.

In Figure 5-2, (Bw)3db = 18.3 Mc and io = 3030 Mc. Therefor.,

Ky, = 21T E183 o g0aar

while Figure 2-4e gives x;, - 0. 1046 from the measured points and

0. 0050 from the theoretical curve.

A third case that was not plotted had the same paran..t:rz =<
Figure 5-1, except that s = 1. 000 inch. The coupling coefficient detex -
mined from the 3 -db bandwidth is 0. 00482, while the measurcd peints
in Figure 2-4d give 0.0048, and the theoretical curve gives 0. 0052,

The resonator unicadza Q values wers deduced from the band-

T~

10w gLk
hrd

tionship for 2 maximally flat two-resonater ..:ter is as {ullows:'

width and center-{ruquency dissipation-lz. ..~oasuremen:.

4.34 x 2.83 fo
Qu = —EwT T
where fo and (BW)rdb are in Mc, and L is indb. Fus e thrac cas
discussed above, the Q"1 values were found « be 6%6%, 7260, and 5140,
respectively. Note that the second value applies to 0. 995 by 0.995 inch
tubing, while the other values are for 0.75 by 0.75 inch tubing. In all

cases the walle are aluminum.
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Both Figure 5-1 and 5-2 indicate a dissymmetrical response.
Thig is especially pronounced in Figure 5-2, where the bandwidth is
appronximately twice that of Figure 5-1. The possible causes of tne
observed dissymmetry will be investigated during the next quarter.
Techniques of eliminating or reducing this dissymmetry will be

explozed.
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SECTION V

CONCLUSIONS

The new multiple -mode coupling-coefficient formula is vastly
superior to the earlier single-mode formula when the dielectric disks
are close together. Comparison with experimental points shows good

agreement even when the disks are touching each other.

Calculations of errors in the two techniques for dielectric-
constant measurement indicate typical precisions of about 0. 5% max-
. +m error and %0, 2% prokable error. These values are aswo on
dimensioral measurements to £0, 0005 inch and frequency measure-
ments to £0. 1 percent. An improvement of accuracy by at least an
order of magnitude appears feasible, but is not necessary for the
purposas of this program.

Decrsity variations in ceramic samples were previously sus-
pected as the cause of minor anomalies in measured dielectric-constant
valees. Further confirmation of this possibility was found when various
samples cut from a larre sinr'c niace of Tioz cerawmnic were found to
have densities varying bv as muct as 2 percent. The erfect o/ temn
erature on dielectric constant was also founs tc 2xceed the nominal
sengitivity of ~-800 ppm/na.. b, amounts rangi.g {rom about 5 to 37 per-
cent in four different groups -° szmples.

The setup for Qu measurements described in the #:1:, ym=rter
Report was improved through the use of an iso’ated extzrnal rmodulator
and more precise frequency-measurement aquipment. Several of the
dielectric pieces previously tested were rechecked and found to agree
reasonably well with the earlier data. Therefore, the setup improve-~
ments were not found to be essential, \averiieless they have been

retained because of the greater reliability and pre ision they afford.

Ji-




Measurements made with this setup show the USAERDL high-purity

cold-pressed samples to have considerably higher Qu than previously

obtainad TiOZ batches. Other measurcments on a dielectric disk in

a series of square waveguides confirm that Qu is drastically affected

when the waveguide dimension is made less than twice the diameter of
the disk., However, even when the waveguide dimension was equal to

the diameter of the disk, Qu was approximately 5000 for silver-pl!=ted
wavegnide-walls. This iz about four times the Qu value obtainable in

a practical coaxial or strip-line resonator having the same external

volume of approximately 0.5 x 0.5 x 0.5 inch.

Experiments on several two-resonator maximally flat filters
confirm the validity of the coupling-coefficient and uuloaded-Q da:2
previcusly obtained. A dissymmetry of the siop-band r:g,.22s5s was
observed. This digsymmetry becomes more severe as the filter
bandwidth is wideneu. Since a dissymmetiical response is usually a
disadvantage in a bandpass filter, methods of reducing this effect
should be found.
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SECTION VI

Ceveloped. The theoretical treatment of metal-wall proximity and its
effect nn fo and Qu will be completed.
Experimental studies will be continued on ¢_ and {2 of diclec-
tric samples. In cooperation with the USAERDL Ceramice Laboratory,
an effort wiil be made to obtain a suitable material or combir=ticn of

rnateria.s having relatively low temnerature senscitivity,

An investigation will be made of the stop-band-dissyrametry
effect ohserved in relatively wide-band filters. Techniques for re-

ducing this effect will be examined.

Parameters for deliverable filter models will be selected.

These filters will then be designed, constructed and tested.
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